Introduction {#Sec1}
============

In 2018, approximately 288,000 individuals were living with a spinal cord injury (SCI) \[[@CR1]\]. An estimated 78% of new SCI cases are male \[[@CR1]\], resulting in research skewed towards male-specific issues. The paucity of research relevant for women with SCI is also due to the neglect of researchers to stratify results by gender \[[@CR2], [@CR3]\]. For these reasons unique concerns for women with SCI have not been adequately identified or addressed. In spite of considerable efforts to improve this disparity over the past 20 years, significant work remains \[[@CR2], [@CR4]\].

Significant changes in testosterone levels \[[@CR5]\] have been noted in males with SCI \[[@CR6]--[@CR9]\]. Compared to able-bodied normative data, males with SCI show a higher prevalence of low serum total testosterone (Total T) and greater age-related declines. SCI may also elicit "accelerated aging" in males through the development of metabolic dysfunction and subsequent testosterone deficiency \[[@CR5]\]. A retrospective study by Bauman et al. \[[@CR10]\] found that 46% of males with SCI (*n* = 243) presented with low testosterone; low testosterone has also been identified in veterans with SCI (43%; *n* = 60) \[[@CR11]\]. Predictors of low testosterone in men with chronic SCI include high body mass index, more extensive injuries \[[@CR5]\], poor leisure time, physical activity, and low sexual desire \[[@CR12]\]. A review of the literature found only one study investigating hormonal changes in women after SCI, of which no significant correlation was found between abnormal hormonal status and sexual dysfunction \[[@CR13]\]. In this sample, 6 out of 39 (\~15%) showed abnormal hormone levels; 2 out of 39 (\~5%) presented with low Total T.

Thyroid-stimulating hormone (TSH) is known to affect the metabolism of testosterone and all androgens through mediating sex hormone-binding globulin levels, which alters levels of free and bound testosterone \[[@CR14]\]. In able-bodied females, significant correlations between hypothyroidism concomitant with decreased androgen metabolism and depression have been reported \[[@CR15], [@CR16]\], and can be ameliorated by administering serum thyroxine (T4) with or without triiodothyronine (T3) \[[@CR15]--[@CR17]\]. Decreased serum testosterone levels have been associated with diminished sexuality \[[@CR18]\] and increased depression in able-bodied women \[[@CR15]--[@CR17]\]. Research has also found evidence to support the neuroprotective role of testosterone in neurodegenerative disorders including depression; testosterone's neuroprotective effects may be mediated both indirectly (via the conversion of testosterone to estrogen) and directly (acting through the androgen pathway) \[[@CR19], [@CR20]\].

Although thyroid function has been shown to be lower in some individuals with SCI, most of these studies were conducted among males \[[@CR8], [@CR9], [@CR21], [@CR22]\]. Previous research has found T3 levels to be significantly decreased compared to TSH or T4 levels in males with chronic SCI, which suggests that the males were clinically euthyroid \[[@CR8], [@CR21]\]. Only one study of 14 females with SCI examined thyroid function, of which normal thyroid function was reported \[[@CR22]\]. As with testosterone, decreased thyroid function has been correlated with depression in the able-bodied population \[[@CR15], [@CR23]\].

Research exploring the relationship between testosterone levels and depression in women with SCI is limited. In the general population research has established that clinical endocrine disorders, including both the hypo- and hyperfunction of endocrine glands, often result in psychiatric symptoms, with depression being the predominant clinical presentation \[[@CR24]\]. Able-bodied females experience depression at higher rates than able-bodied males, suggesting that hormones may play a role in the etiology of the disease \[[@CR25]\]. Furthermore, both low and high levels of testosterone in able-bodied women have been linked to depression \[[@CR25]\]. In women without SCI, levels of total and free testosterone decline with age as women enter pre-menopause and may contribute to decreased mood \[[@CR26]\].

Depression prevalence is significantly higher among persons with a SCI as compared to the able-bodied population \[[@CR27]\]. A meta-analysis by Williams and Murray \[[@CR27]\] reviewed 19 studies; depression prevalence was estimated to affect 18.7% to 26.3% of persons with SCI compared with an estimated 16% lifetime depression prevalence among the general able-bodied population \[[@CR28]\]. Factors contributing to depression risk in individuals with SCI include: female gender, socioeconomic status \[[@CR29]\], younger age \[[@CR30]\], social isolation \[[@CR31]\], alcohol and substance abuse \[[@CR32]\], and pain \[[@CR33]\]. Greater time since injury \[[@CR34]\], resilience \[[@CR35]\], self-efficacy \[[@CR36]\], and social support \[[@CR37]\] are associated with reducing depression risk. Previous research has also linked hypothyroidism \[[@CR15], [@CR16]\] and low testosterone levels \[[@CR15]--[@CR17]\] to an increased risk for depression among the able-bodied population. Given the high estimates of depression following SCI and the limited number of studies assessing the influence of thyroid and testosterone hormones on depression risk among women post SCI, this study sought to address this gap in knowledge.

The objective of this study was to measure thyroid function and serum testosterone levels, and to correlate these results with indicators of depression in females with SCI. We hypothesize that depression will be correlated with hormone levels, such that abnormal hormonal status will be associated with increased depressive symptoms. Furthermore, we will explore the association between sexual function and hormone levels, as well as depressive symptomology.

Methodology {#Sec2}
===========

This study was approved by the local Institutional Review Board of the study site, which is a county hospital in a suburb of California. Participants were recruited if they were females with SCI of any etiology and any ethnicity. The inclusion criteria were: (1) at least 1 year post SCI; (2) neurologically and medically stable; and (3) at least 18 years of age. The exclusion criteria were: (1) significant medical problems, such as pneumonia, kidney failure, febrile urinary tract infection, other febrile diseases; (2) current or prior medical history of head injury, thyroid dysfunction, and known endocrine disorders, (3) pregnancy, and (4) inability, due to language difficulties, to understand the informed consent and questionnaires. Prior to the initiation of any study procedure, each participant read and signed an informed consent. Twenty-seven participants were enrolled but only 22 had complete hormone and questionnaire data. Of the 22 patients, 2 participants had outlier serum Total T levels (0 and 89 ng/dl); therefore, the remaining 20 participants were used in this analysis. Participant demographics are listed in Table [1](#Tab1){ref-type="table"} and concomitant medications are listed in Table [2](#Tab2){ref-type="table"}. Each participant was asked to fill out a survey that included demographic questions, a question on monthly sexual activity, and the Center for Epidemiological Studies Depression Scale (CES-D) (described below) \[[@CR38]\]. The survey question "How often do you have sexual activity per month?" was dichotomized to a yes/no response since over half the sample (11/20) women responded 0. Monthly sexual activity ranged from 0 to 29 times per month, with all but one woman responding \<5 times per month (Table [1](#Tab1){ref-type="table"}).Table 1DemographicsDemographicsMeanStdAge (years)44.412.7Years from injury11.78.9Neurologic statusCountComplete SCI6Incomplete SCI14Level of injuryCervical13Thoracic6Lumbar1Etiology of injuryMVA14GSW1Non-traumatic4Water sports1Monthly sexual activityYes9No11*Std* standard deviation, *SCI* spinal cord injury, *MVA* motor vehicle accident, *GSW* gunshot woundTable 2Concomitant MedicationsIndicationMedicationCountAllergy nasal symptomsFluticasone1Analgesic/antipyreticAcetaminophen2Aspirin2Ibuprofen3AntacidCimetidine1Calcium carbonate1Omeprazole1AntibioticCephalexin2Neosporin1Nitrofurantoin1Antihistamine for sinus allergyCetirizine1BenzodiazepineClonazepam1Lorazepam1Birth controlNorethindrone/Ethinyl Estradiol1BloatingSimethicone1Bowel programSenna glycoside2Theravac1Docusate sodium2Dietary supplementHexapio Ginsena1Multivitamin2Vitamin B61Vitamin C1Vitamin E-PRN1Low blood calciumCalcium Carbonate1Heterotopic ossificationEtidronate1Hypertension/urinary retentionDoxazosin1InsomniaZolpidem1Muscle spasms/spasticityBaclofen7Tizanidine1Opioids for painMorphine Sulfate2Oxycodone1Neurogenic bladderOxybutynin11Neuropathic painGabapentin4OsteoporosisAlendronic acid1Post-menopausal symptomsEstradiol-Norethindrone1Estrogen3Progesterone1Depression/AnxietyFluoxetine1Sertraline1Duloxetine1Sexual dysfunctionSildenafil1None listed7Summary of concomitant medications in sample. Count represents the number of participants taking the medication

A blood sample was drawn to measure thyroid function, which included TSH and serum Total T levels. Due to diurnal variations in testosterone levels, blood samples were drawn between 10:00 a.m. to 12:00 p.m. for consistency \[[@CR39]\]. Testosterone levels reach their peak during the late follicular and early luteal phase \[[@CR18]\]; therefore, testosterone levels were drawn within the first 5 days of the menstrual cycle, if a participant was not post-menopausal.

Center for Epidemiological Studies Depression Scale {#Sec3}
---------------------------------------------------

The CES-D is a 20-item scale asking respondents to indicate the number of days during the past week they have experienced symptoms like feeling fearful, happy, or lonely. Four subscale scores---depressive affect, well-being, somatic symptoms, and interpersonal affect---as well as a total score were obtained. Total CES-D scores range from 0 to 60, with a higher score indicating more depressive symptomatology. A score ranging from 0 to 7 is defined as having "clinically irrelevant symptoms," 8 to 15 as "subclinical depressive symptoms," and scores of 16 or greater are defined as having "clinically relevant levels of depressive symptoms." The CES-D has been widely used within community populations, including older adults, to assess depressive affect and has been shown to correlate significantly with clinical depression ratings \[[@CR38], [@CR40]--[@CR43]\].

Statistical analyses {#Sec4}
--------------------

Due to well-established changes in depression ratings and hormone levels following SCI, Pearson's correlations were used to assess the relationship between time from injury (years) and age with TSH, Total T, and CES-D total score. Significant associations between time from injury and CES-D total scores, as well as TSH were found, and, therefore, partial correlations controlling for time from injury were used when correlating CES-D total scores to serum Total T and TSH. An exploratory analysis was conducted to investigate whether individuals who endorsed having monthly sexual activity had (1) differences in hormone levels (TSH and Total T; Mann--Whitney *U* test) and (2) lower rates of clinically relevant levels of depressive symptoms (CES-D total \>15; Fisher's exact test) compared to individuals who did not have monthly sexual activity. All statistical analyses were run using IBM's SPSS statistical software (version 24) with a significance level set at *p* less than or equal to .05.

Results {#Sec5}
=======

Demographics {#Sec6}
------------

A total of 20 females with SCI were included in this analysis (Table [1](#Tab1){ref-type="table"}). Average age was 44.4 (SD = 12.7) years old and average time since injury was 11.7 (SD = 8.9) years. Six individuals had complete SCI and 14 had incomplete SCI. Thirteen individuals had a cervical injury, six had thoracic injuries, and one had a lumbar injury. Etiologies of SCI were: motor vehicle accident (*n* = 14), violence/gunshot wound (*n* = 1), non-traumatic (*n* = 4), and water sports (*n* = 1). Nine participants were post-menopausal, four of which had an oophorectomy.

Hormone assay {#Sec7}
-------------

Average TSH level was 1.34 mcIU/ml (SD = 0.76) (normal range: 0.20--5.39 mcIU/ml) in this sample. Only one participant presented with a TSH level below the normal range (0.12 mcIU/ml). Due to heterogeneity in the sample, different low Total T thresholds were used for participants who were post-menopausal, post-hysterectomy, and/or post-oophorectomy (low Total T \<5 ng/dl) and pre-menopausal participants without a hysterectomy or oophorectomy (low Total T \<15 ng/dl). Average Total T for the pre-menopausal group was 23.55 ng/dl (SD = 9.67) (normal range: 15--70 ng/dl) and 15.89 ng/dl (SD = 11.1) (normal range: 5--51 ng/dl) for the post-menopausal group. Low Total T was observed in four participants (one post-menopausal and post-hysterectomy; three pre-menopausal without hysterectomy/oophorectomy). Time from injury was significantly associated with TSH (*r* = .536, *p* = .015; Fig. [1](#Fig1){ref-type="fig"}), such that greater time from injury was associated with elevated TSH levels. Total T was not significantly associated with time from injury (*r* = −.180, *p* = .447). Age was not associated with TSH (*ρ* = .213, *p* = .367) or Total T (*ρ* = −.341, *p* = .141) in this sample.

Center for Epidemiological Studies Depression Scale {#Sec8}
---------------------------------------------------

The average CES-D total score was 16.2 (SD 9.4). Four individuals fit the definition of "clinically irrelevant symptoms," seven had "subclinical depressive symptoms," and nine had "clinically relevant levels of depressive symptoms." Due to well-established changes across time in depression ratings, Pearson's correlation was used to assess the effect of time after SCI and age on CES-D total scores. No significant correlations were observed between age and CES-D total score (*r* = −.047, *p* = .846). A significant association was found with time from injury and CES-D total score (*r* = −.547, *p* = .013), such that lower CES-D total scores were associated with greater time from injury (Fig. [2](#Fig2){ref-type="fig"}).Fig. 1Time from Injury and TSH Level. Scatter-plot represents the correlation between years from injury and TSH levels. Filled circles represent pre-menopausal women and diamonds represent post-menopausal womenFig. 2Time from Injury and CES-D Total Score. Scatter-plot represents the correlation between years from injury and CES-D total score. Filled circles represent pre-menopausal women and diamonds represent post-menopausal womenFig. 3Total T and CES-D Total Score. Scatter-plot represents the correlation between total testosterone (Total T) and Center for Epidemiological Studies Depression Scale (CES-D) total score. Raw scores, not residuals, are plotted. Filled circles represent pre-menopausal women and diamonds represent post-menopausal women

Association between hormone level and CES-D total score {#Sec9}
-------------------------------------------------------

Due to the significant relationship between CES-D total score and time from injury in this sample, partial correlations were used to investigate the association between hormone levels and CES-D total score while controlling for time from injury. Partial correlations revealed that higher CES-D total scores were significantly associated with lower Total T levels (*ρ* = −.536, *p* = .018; Fig. [3](#Fig3){ref-type="fig"}); no significant associations were observed with TSH level (*ρ* = .284, *p* = .239).

Association between monthly sexual activity and hormone levels, as well as depressive symptomology {#Sec10}
--------------------------------------------------------------------------------------------------

The Mann--Whitney *U* tests revealed no significant effects of monthly sexual activity on hormone levels: Total T (*U* = 27, *p* = .087) or TSH (*U* = 35, *p* = .270). The Fisher's exact test revealed a significant effect of monthly sexual activity for individuals with clinically relevant levels of depressive symptoms, such that the group that had monthly sexual activity had a lower proportion of individuals with clinically relevant levels of depressive symptoms (*p* = .010, Cramer's *V* = .616; Table [3](#Tab3){ref-type="table"}).Table 3Contingency table of individuals endorsing monthly sexual activity and clinically relevant depression (CES-D total \>15)Clinically relevant depressionTotalYesNoMonthly sexual activity Yes189 No8311 Total91120Fisher's exact test *p* = .01, Cramer's *V* = .616

Discussion {#Sec11}
==========

Approximately 80% of individuals with a SCI are male, producing research that has predominately focused on problems experienced by males \[[@CR1]\]. This has direct consequences for women with SCI in that their unique concerns have not been adequately investigated. This study is one of the few studies investigating hormone levels in women after SCI. Results showed that four (20%) participants presented with low total serum testosterone. Although only 20 participants were included in this study, the incidence of low testosterone was lower than estimates observed in males (43--46%) \[[@CR10]--[@CR12]\].

In line with previous findings, a significant negative correlation was found between time from injury and CES-D ratings, representing decreased depressive symptoms in individuals with greater time from injury \[[@CR34]\]. Furthermore, 45% of participants presented with "clinically relevant levels of depressive symptoms" and an additional 35% of participants presented with "subclinical depressive symptoms." These results underscore the importance of depression screening and intervention in women with SCI, especially early phases post-injury.

Total serum testosterone was significantly correlated with symptoms of depression, such that low testosterone was associated with worse depressive symptomology. This finding is similar to previous research in both the able-bodied general \[[@CR24]\] and able-bodied female \[[@CR25]\] populations, such that abnormal testosterone levels (both low and high) were associated with depression. In this sample, Total T was not correlated with time from injury, which may provide evidence for a persistent change in total serum testosterone after SCI. TSH levels were significantly associated with time from injury, in that increased time from injury was associated with elevated TSH level. It should be noted that only one participant presented with a TSH level below the normal range and all other participants were within the normal range. Pre-injury and animal studies may be needed to clarify the development and effect of SCI on hormone levels in women after SCI.

Fifty-five percent of our sample engaged in monthly sexual activity. In this limited sample, there were no effects of monthly sexual activity on hormone levels (TSH and Total T), which have been previously observed \[[@CR15]--[@CR18]\]. Research exploring hormones and sexual dysfunction has found normal TSH levels in women with SCI \[[@CR13]\], while studies in the general SCI population have identified high TSH levels \[[@CR8]\]. There was a significant effect of sexual activity on depressive symptoms, such that individuals who had monthly sexual activity endorse clinically relevant levels of depressive symptoms (CES-D total \>15) less than those who did not engage in monthly sexual activity. These results should be cautioned as psychological factors are only one modulator of sexual activity \[[@CR44], [@CR45]\]. To provide a holistic approach to treatment for individuals with SCI, it has been suggested that pregnancy and sexual activity should become a part or greater part of SCI rehabilitation \[[@CR44], [@CR46]--[@CR49]\].

One of the main barriers identified in this study was the blood draw timing requirement for women who were not post-menopausal; the blood draw timing protocol made it more difficult to complete the blood sampling at the time of the participants' enrollment as some participants were asked to return for the blood draw on another day. Although age, some medications, and neurological status are known to cause hormonal changes, this sample size was too small to investigate the effects of medication or neurological status on hormone levels or to detect age-related changes in hormone levels. Future studies should include an able-bodied control group and larger group sizes to better understand the specific SCI-related hormone changes and associations with depression in women.

The effects and consequences of SCI in women is under-researched. This study is one of a few studies specifically investigating thyroid function and testosterone levels and its relationship with depression in women with SCI. Results from this study showed a high rate of low testosterone (20%) and depression (80% were classified as having "subclinical" or "clinically relevant" depressive symptoms). In this sample low Total T was associated with depressive symptomology after accounting for time from injury. This study highlights the need for more research to elucidate the needs and concerns of women after SCI.

Data archiving {#Sec12}
==============

The datasets generated and/or analyzed during the current study are available from the corresponding author on reasonable request.

**Publisher's note:** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

These authors contributed equally: Benjamin Dirlikov, Sarah Lavoie

Funding {#FPar1}
=======

This study was funded through a 2002 Sally Rynne National Association of Women's Health Quality Award.

The authors declare that they have no conflict of interest.

We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during the course of this research.
